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A s  p a r t  of a p r o j e c t  a t  The Pennsylvania  S t a t e  U n i v e r s i t y  t o  c h a r a c t e r i z e  t h e  in-  
organic  c o n s t i t u e n t s  of American c o a l s ,  an a n a l y t i c a l  scheme was developed whereby 
most of the major and minor e lements  ( S i ,  A l ,  Fe, Ca, Mg, T i ,  Mn, N a ,  K) i n  high 
temperature (75OOC) c o a l  ashes  were determined by atomic a b s o r p t i o n  spectrophotometry 
(A.A.S.) and most of t h e  t r a c e  elements  (Ba, B e ,  Co, C r ,  Ga, Ge, La, Mo, N i ,  Pb, Sc,  
Sn, S r ,  V ,  Y ,  Yb and Z r )  determined by d . c .  arc emission spec t rography.  However, 
a f t e r  t h e  a c q u i s i t i o n  of  a d . c .  a rgon  plasma spec t rometer ,  a s tudy  was conducted t o  
determine whether t h i s  ins t rument  w a s  capable  of assuming some of t h e  f u n c t i o n s  of 
t h e  atomic a b s o r p t i o n  u n i t  o r  emission spectrograph.  This  w a s  done because emission 
spectrometry o f f e r s  many advantages over  A.A.S. and convent iona l  emiss ion  spectro-  
scopy, p r i m a r i l y  i n  t h e  a r e a  of r a p i d  a n a l y s i s  of sample. Whereas i n  A . A . S . ,  only 
one element can  be determined a t  a t i m e ,  emission spectrometry has  t h e  c a p a b i l i t y  
of performing s imultaneous multi-element de te rmina t ions  (up t o  18  a t  one t i m e  f o r  
t h e  instrument  i n  t h i s  s t u d y ) .  I n  a d d i t i o n ,  t h e  emission spec t rometer ,  u n l i k e  t h e  
emission spec t rograph ,  has  a d i r e c t  numerical  readout  which i s  much more amenable 
t o  e f f i c i e n t  d a t a  handl ing  and manipula t ion  than  t h e  convent iona l  photographic  
p l a t e s .  T h i s ,  i n  t u r n ,  coupled wi th  a more s t a b l e  e x c i t a t i o n  source ,  l e a d s  t o  
g r e a t e r  p r e c i s i o n  among d i f f e r e n t  sets of d a t a .  A d d i t i o n a l l y ,  t h e  s u p e r i o r  d i s -  
pers ion  (between 0.61 and 2.44 A/mm i n  t h e  2000-8000 a range)  of t h e  e c h e l l e  gra t -  
ing e l i m i n a t e s  many of t h e  s p e c t r a l  i n t e r f e r e n c e s  common t o  o t h e r  spec t rographs .  
Emission spectrometry i s  a l s o ,  u n l i k e  A.A.S., not  l i m i t e d  by hollow ca thode  lamps, 
does not  employ e x p l o s i v e  g a s e s ,  and because of t h e  h igher  source  temperature ,  has  
fewer chemical i n t e r f e r e n c e s .  

decided t o  i n i t i a l l y  compare t h e  ins t rument  wi th  A.A.S. The emission spectrometer  
employed here  i s  t h e  Spec t ramet r ics  Incorpora ted  (SMI) Spectraspan I11 i n  which t h e  
e x c i t a t i o n  s o u r c e  c o n s i s t s  of a h igh  temperature  (up t o  10,000 K ,  t y p i c a l l y  6000°K 
i n  t h e  a n a l y t i c a l  r e g i o n )  d . c .  a rgon  plasma. The instrument  n e b u l i z e s  l i q u i d  
samples with a rgon  and i n t r o d u c e s  t h e  a e r o s o l  i n t o  t h e  plasma a t  a c o n s t a n t  ra te  by 
means of a p e r i s t a l t i c  pump. The emi t ted  r a d i a t i o n  i s  d ispersed  i n  t h e  spectrometer  
by a n  e c h e l l e  g r a t i n g ,  t h e  o r d e r s  s e p a r a t e d  by a q u a r t z  pr ism and channeled i n t o  a 
series of p h o t o m u l t i p l i e r  tubes  each of which a r e  s e t  s o  as t o  r e c e i v e  t h e  r a d i a t i o n  
a t  one p a r t i c u l a r  wavelength c h a r a c t e r i s t i c  of .each  of  t h e  v a r i o u s  elements  of i n t e r -  
e s t  (e .g .  Cu i s  determined by monitor ing t h e  Cu 3274 l i n e  i n  t h e  69th  o r d e r ,  Mn by 
monitor ing t h e  Mn 2576 l i n e  i n  t h e  88th  o r d e r ,  e t c . ) "  
f o r  a d j u s t i n g  t h e  system so t h a t  e lements  o t h e r  than t h e  1 8  pre-se t  e lements  can be 
determined. The p h o t o m u l t i p l i e r  tube  o u t p u t s  f o r  t h e  v a r i o u s  elements  are connected 
with a micro-computer which manipula tes  t h e  rece ived  d a t a  accord ing  t o  v a r i o u s  pro- 
grams (e.g. i n t e g r a t i o n  over  a per iod  of t i m e ,  use  of an i n t e r n a l  s t a n d a r d ,  e t c . )  
and p r i n t s  o u t  t h e  r e s u l t s  on an a u x i l i a r y  p r i n t e r .  The raw d a t a  ( a r b i t r a r y  u n i t s  
i n  t h e  range 0-9999) may a l s o  be p r i n t e d  o u t  i f  so d e s i r e d .  

The sample p r e p a r a t i o n  f o r  t h e  plasma spectrometer  i s  e s s e n t i a l l y  t h e  same a s  
t h a t  used f o r  A.A.S. ( 1 ) .  The high temperature  a s h  (75OOC) of  t h e  test c o a l  was 
ground t o  -200 mesh (<74 p) t o  e n s u r e  sample homogeneity and a 200 mg sample was 
mixed with 800 mg of  LiBO2 and fused  a t  1050°C f o r  10 minutes;  t h e  r e s u l t a n t  molten 
bead is then poured d i r e c t l y  i n t o  80 m l  of a 4% HNO3 s o l u t i o n .  For plasma spec t ro-  
metry,  6 r e p l i c a  s o l u t i o n s  were prepared from t h i s  i n i t i a l  s o l u t i o n  by t a k i n g  s i x  
5.00 m l  a l i q u o t s  and d i l u t i n g  each wi th  35.0 m l  of a s o l u t i o n  c o n s i s t i n g  of 0.5% L i  

Because t h e  plasma emission spec t rometer  accepts  only l i q u i d  samples ,  i t  was 

The c a p a b i l i t y  a l s o  e x i s t s  

* 
Analy t ica l  l i n e s  are l i s t e d  i n  Table  1. 
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Table 1. A n a l y t i c a l  L ines  Used f o r  t h e  Emission Spectro- 
m e t r i c  Analysis  of Coal Ashes 

Element Wavelength (A) Order 
A 1  3961 57 
Ba 4554 50 
Ca 3179 7 1  
cu 3247 69 
Fe 2382 95 
Ge* 2651 85 
K 7698 29 
Mg 2795 80 
Mn 2576 88 
Na 5895 38 
S i  2516 90 
S r  4077 55 
T i  3349 67 
Zn 2138 106 
Z r  3601 62 

i n  2% n i t r i c  a c i d  and c o n t a i n i n g  1 0  ppm G e .  The L i  conten t  of t h e  f i n a l  s o l u t i o n  i s  
about 4500 ppm and s e r v e s  a s  an e f f e c t i v e  spec t roscopic  b u f f e r  while  t h e  G e  a c t s  a s  
a n  i n t e r n a l  s tandard .  S i x  r e p l i c a  s o l u t i o n s  were a l s o  prepared f o r  A.A.S. by d i l u t -  
ing  5.00 m l  a l i q u o t s  of t h e  i n i t i a l  s o l u t i o n  with 30.0 m l  of a 10,800 ppm L a  so lu-  
t i o n ,  t h e  La a c t i n g  as a r e l e a s i n g  agent  i n  t h e  flame process .  The a p p r o p r i a t e  sets 
of s o l u t i o n s  were then  ready t o  run  on  t h e  plasma spectrometer  and A.A. spectrophoto-  
meter a long wi th  sets of s tandards  prepared i n  t h e  same manner a s  t h e  samples. How- 
ever ,  t h e  n a t u r e  of t h e  e l e c t r o n i c s  on t h e  plasma spectrometer  i s  such t h a t  p r i o r  t o  
t h e  running of  t h e  s o l u t i o n s ,  it w a s  necessary  t o  c a l i b r a t e  t h e  instrument  wi th  
s tandards  conta in ing  approximately t h e  h i g h e s t  concent ra t ions  of t h e  elements  t h a t  
one would expect  i n  t h e  s o l u t i o n s .  Once so c a l i b r a t e d  t h e  instrument  a u t o m a t i c a l l y  
e x t r a p o l a t e s  l i n e a r l y  between t h e  c a l i b r a t e d  maximum poin t  and a b lank  t o  g i v e  a 
reading  f o r  each s o l u t i o n  run.  I f ,  however, t h i s  c a l i b r a t e d  upper l i m i t  should be 
exceeded by more than  about  25% by a s o l u t i o n ,  no reading  w i l l  be produced and t h e  
s o l u t i o n  must be d i l u t e d  before  i t  can be analyzed.  Although, i n  theory ,  on ly  one 
s tandard  need be run  f o r  t h e  emission spec t rometer ,  a t  l e a s t  t h r e e  o r  f o u r  were r u n  
as a check a g a i n s t  bo th  p o s s i b l e  l i n e  c u r v a t y r e  (e .g .  d i s t o r t i o n  due t o  se l f -absorp-  
t i o n )  and e r r o r s  i n  t h e  p r e p a r a t i o n  of any one s tandard .  A l l  of t h e  s tandards  used 
a r e  shown i n  Table  2 .  

A .A.S . ,  t h e  s t a n d a r d s  were run  f i r s t ,  then  t h e  s i x  samples, then t h e  e n t i r e  set of 
s o l u t i o n s  i n  r e v e r s e  order  so t h a t  t w o  r u n s  w e r e  performed on each s o l u t i o n .  This  
was done t o  c a n c e l  o u t  any ins t rumenta l  d r i f t  which might occur  from t h e  f i r s t  t o  
t h e  last  sample. The r e s u l t s  of  t h r e e  sets of runs ;  one set on t h e  plasma spec t ro-  
meter with t h e  i n t e r n a l  s tandard  f u n c t i o n  o f f ,  one s e t  with t h e  i n t e r n a l  s tandard  on, 
and one s e t  on  t h e  atomic a b s o r p t i o n  u n i t ,  are presented  i n  Table 3. 

a r d  d e v i a t i o n s .  While t h e  plasma spec t rometer  i s  t h e o r e t i c a l l y  capable  of simul- 
taneous ly  determining a l l  of t h e  elements  l i s t e d ,  i n  p r a c t i c e  i t  w a s  found t h a t  
u s u a l l y  no more than 5 o r  6 e lements  could be comfortably handled a t  any one t i m e  
due t o  v a r i a t i o n s  i n  t h e  ins t rumenta l  c a l i b r a t i o n s  f o r  each element over a long 
per iod  of t i m e  (one-half hour  o r  so). Consequently, t h e  elements Fe, Mg, C a ,  and 
Mn were r u n  as  a group while  S i ,  A l ,  K and N a  formed a second group. By A.A.S.  
of  course ,  each element w a s  determined s e p a r a t e l y .  The r e s u l t s  show t h a t  wi th  t h e  
except ion  of Fe,  a l l  of t h e  elements  determined over lap  each o t h e r  w i t h i n  t h e  2 0  
s i g n i f i c a n c e  range.  
v a l u e s  by A.A.S.  and emission spec t romet ry ,  a t i t r i m e t r i c  de te rmina t ion  on another  ' 
sample s p l i t  gave a v a l u e  of 4.37% Fez03 which i s  more i n  agreement wi th  t h e  emiss iod  
spec t romet r ic  r e s u l t s .  Table  3 a)so shows t h a t  t h e  magnitude of t h e  s tandard  devi-  
a t i o n  tends t o  be s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  atomic absorp t ion  de termina t ions  
than  i t  i s  f o r  e i t h e r  of t h e  s e t s  of d a t a  obtained from plasma emission spectrometry.  

* 
Used as i n t e r n a l  s tandard .  

During t h e  a c t u a l  running of s o l u t i o n s  i n  both plasma emission spectrometry and 

Each number i n  Table 3 r e p r e s e n t s  t h e  mean of 6 r e p l i c a s  and i s  given 5 2  stand-  

Although no explana t ion  can be given f o r  t h e  d i f f e r e n c e  i n  i r o n  
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This  i s  e s p e c i a l l y  t r u e  f o r  s i l i c a .  Although p a r t  of t h e  s c a t t e r  may be expla ined  
by t h e  observa t ion  t h a t  t h e  s i l i c o n  hollow cathode lamp w a s  beginning t o  f a i l ,  t h e  
s tandard  d e v i a t i o n s  obta ined  f o r  s i l i c a  i n  rocks  and c o a l  ashes  by plasma emission 
spectrometry are n e v e r t h e l e s s  b e t t e r  than those  obta ined  by A.A.S . ,  even under 
optimum condi t ions .  N o  a t tempt  was made t o  r i g i d l y  d e f i n e  and compare d e t e c t i o n  
l i m i t s  f o r  t h e  v a r i o u s  elements  by emission spectrometry and atomic a b s o r p t i o n  
because such l i m i t s  t end  t o  be a f f e c t e d  by many f a c t o r s  which are e a s i l y  a l t e r e d  
(e .g .  sample composi t ion,  g a s  f low and p r e s s u r e ,  o p t i c a l  a l ignment ,  e l e c t r o n i c  
s t a b i l i t y ,  e t c . ) .  However, on t h e  b a s i s  of observa t ions  made dur ing  t h i s  s tudy,  
and ignor ing  t h e  major c o n s t i t u e n t s ,  i t  can  genera l ly  be s a i d  t h a t  those  elements 
t h a t  have s t r o n g  emission l i n e s  or  form r e f r a c t o r y  oxides  a r e  determined b e t t e r  a t  
low concent ra t ions  by plasma emission spectrometry than by A.A.S.  

The r e s u l t s  i n  Table  3 a l s o  i n d i c a t e  t h a t  t h e  s tandard  d e v i a t i o n s  f o r  the  
plasma spec t romet r ic  de te rmina t ions  i n  which a n  i n t e r n a l  s tandard  was employed tend  
t o  be  somewhat b e t t e r  than  t h o s e  i n  which no i n t e r n a l  s tandard  w a s  used, a l though 
t h e  d i f f e r e n c e s  do n o t  appear  t o  be  s t a t i s t i c a l l y  s i g n i f i c a n t .  

Some s t u d i e s  h e r e  a s  t o  whether or  n o t  t h e  plasma spec t rometer  i s  capable  of 
adequate ly  de te rmining  some t r a c e  elements  c u r r e n t l y  done by convent iona l  d .c .  a r c  
spectrography i n d i c a t e  t h a t  t h e  elements B a ,  C r ,  Cu, S r ,  V and Z r  may be done on 
t h e  spectrometer .  I n  a d d i t i o n  t o  t h e  prev ious ly  mentioned advantages of us ing  t h e  
spec t rometer ,  t h e  i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  an improvement i n  p r e c i s i o n  a l s o  
r e s u l t s .  This  i s  probably because of two f a c t o r s ,  t h e  f i r s t  of which i s  t h e  use 
of a more s t a b l e  e x c i t a t i o n  source and second, t h e  use  of a l a r g e r  sample s i z e .  
A 200 mg sample i s  taken  f o r  t h e  f u s i o n  technique whi le  on ly  6 mg of sample i s  used 
per  e l e c t r o d e  f o r  s p e c t r o g r a p h i c  a n a l y s i s .  
added s i g n i f i c a n c e  where t r a c e  elements  tend  t o  be concent ra ted  i n  inhomogeneously 
d i s t r i b u t e d  accessory  minera ls  (e .g .  Z r  i n  z i rcon)  ( 2 ) .  

Despi te  t h e  u s e  of  a g r e a t e r  i n i t i a l  sample s i z e ,  however, t h e  d i l u t i o n  of t h e  
sample during sample p r e p a r a t i o n  is cons iderably  g r e a t e r  f o r  t h e  spectrometer  than  
i t  i s  f o r  t h e  spec t rograph .  Consequently, t h e  a b s o l u t e  q u a n t i t i e s  of t h e  sample 
e x c i t e d  i n  t h e  spec t rometer  a r e  much l e s s  than t h a t  i n  t h e  spectrograph.  
of t h i s ,  t h e  convent iona l  spec t rograph  i s  s t i l l  t o  be p r e f e r r e d  f o r  t r a c e  elements  
which a r e  p r e s e n t  i n  minute  q u a n t i t i e s  such t h a t  when d i l u t e d ,  would f a l l  below t h e  
d e t e c t i o n  l i m i t s  of  t h e  spec t rometer .  However, s i n c e  d e t e c t i o n  l i m i t s ,  as s t a t e d  
above, tend t o  be v a r i a b l e  i n  n a t u r e ,  it is  n o t  p o s s i b l e  t o  s p e c i f y  the  concen- 
t r a t i o n s  of each element  below which t h e  spec t rograph  i s  t o  be p r e f e r r e d .  This 
must be  l e f t  t o  t h e  judgement of t h e  i n d i v i d u a l  o p e r a t o r  and l a b o r a t o r y .  
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